Abstract-While the spatial correlation function between two dipoles is well known, the angular correlation function for different arbitrary inclination angles in transmission and reception is not available in the literature. In this paper, a novel angular correlation function is proposed for two dipoles with arbitrary inclination angles between transmission and reception, which is useful for true polarization diversity schemes. Likewise, two original functions for estimating combined spatial-angular correlation are proposed. The novel functions are used with previously reported results and validated for Rayleigh-fading scenarios with isotropic scattering using a reverberation chamber.
I. INTRODUCTION
T HE correlation between different multiple-input-multipleoutput (MIMO) channels can be used to estimate the performance of the MIMO system since it is the result of interaction of the scattering environment and antenna properties. Losses due to correlation are quantified in [1] . Mutual coupling effects on the correlation coefficients are studied in [2] and three-dimensional (3-D) models for obtaining the correlation coefficients are described in [3] . In many studies, the correlation factor is employed to study MIMO system performance by assuming that the correlation among receive antennas is independent from the correlation between transmit antennas, that is, with no transmit-receive cross-correlation. This simplification makes a separable and analytically friendly model. When the antennas have the same radiation patterns, this model is known as the Kronecker model. When the correlation occurs only at either the receiver or transmitter ends, but not at both, the model is known as semicorrelated [4] . Some other models with cross-correlation assumptions are also available [5] , including some analyses of the capacity and symbol error rate errors [6] . Some recent studies, however, claim that in order to obtain a good estimation of MIMO performance, it is essential to consider the relationship between transmit and receive antennas [7] .
In a previous paper [8] , we have studied the effect of true polarization diversity, writing an equivalence between spatial and true angular diversity. Based upon this equivalence, we hereby propose an estimation of the angular correlation function for two dipoles that are rotated a certain arbitrary angle respect to the other using part of the spatial-correlation function. The novel function is validated for an isotropic environment in which all angles of arrival (AoA) are possible, namely, with an angular spread of 360 . With the novel estimation of an angular correlation function, we also propose an original function for combining diversity, that is, a function that is capable of estimating the correlation between two dipoles that are spatially separated by a distance and angularly separated by a rotation angle , one respect to the other, as depicted in Fig. 1 . The novel simulated results are validated by both comparison to previously reported simulation results and measurements using a reverberation chamber. Despite initial chambers' being prepared to emulate Rayleigh-fading environments with some polarization imbalance, it has been demonstrated recently that both polarization performance [9] and Rician-fading scenarios [10] can properly be emulated in reverberation chambers, therefore extending their emulating capabilities to indoor and scenarios with a dominant line-of-sight component. In this letter, the models are validated by measurement in the Bluetest AB RC800 reverberation chamber with an isotropic environment.
Isotropic scattering can be considered for indoor scenario modeling when a great number of scatters are present. When metallic windows and other artifacts, trees, and walls in buildings are incorporated in the model, the richer multipath environment is very similar to an isotropic scattering [11] . Some works [12] provide models with a dependence on the number of scatters, obtaining several relationships between the number of multipath components and the Rician K-factor or the MIMO capacity. It is therefore possible to encounter in practice the isotropic scattering for indoor environments that will be used in this letter to validate the proposed functions.
II. INDIVIDUAL CORRELATION FUNTIONS

A. Spatial Correlation Model
The spatial correlation between two adjacent identical antennas due to the arrival of a single plane wave can be approximated by an exponential function of its incident angle [13] . , where is wave number, the space separation, and the zeroorder Bessel function of the first kind [14] . The spatial correlation function for dipole antennas in a multipath environment was originally developed by [15] and later validated using the reverberation chamber for isotropic environments [16] by (1) where and is the interelement distance. However, existing 2-D or isotropic spatial correlation functions involve important differences to full 3-D auto-or cross-correlation functions, and its careful use with practical implementations is recommended [17] . Consequently, 3-D correlation models have been called for. Recently, far-field formulas have been suggested to calculate the complex crosscorrelation coefficients of dipole antennas in a 3-D model, which includes the effects of mutual coupling [2] , [3] . Yet, even for this 3-D model, results are only valid for cross-polarization ratios XPR , that is, for conventional orthogonal polarization diversity. The recent development of true-polarization diversity schemes, wherein the full potential of polarization diversity can be exploited by using a progressive angular rotation between elements [8] , makes the isotropic spatial correlation model and the 3-D far-field correlation model insufficient to accurately predict the novel correlation scenario, and new correlation functions are needed.
B. Angular Correlation Model
In a true polarization scheme, the angular difference between two dipoles is defined as (2) where and are the orientation angles of the dipoles. By representing an angular separation in true polarization diversity as equivalent to the spatial separation distance, a new correlation function can be defined by (3) where . The angular separation for Rayleigh-fading scenarios with isotropic scattering can be made equivalent to a spatial separation by (4) In this model, the angular difference between two consecutive dipoles is transformed to an angle of the first quadrant in the following way: for for for (5) It is worth mentioning here that the model is only valid when the angular displacement between dipoles exists only in one axis. Multiaxis true angular diversity, recently proposed for three monopoles in a handset [18] , is therefore not accounted for in this letter.
C. Measurement Results
In order to validate the new angular correlation function, measurements of the correlation matrix of two dipoles were performed in the RC800 reverberation chamber. All measurements illustrated in this letter have been performed with the RC800 reverberation chamber by Bluetest AB, with dimensions of 0.8 1 1.6 m, three wall-mounted antennas, 25 platform stirring positions, three polarization stirring positions due to three different orthogonal wall-mounted printed-antenna exciting elements, two mechanical stirrers with 15 different positions for each platform position, and 20 MHz frequency stirring. Measurements were performed at 900 MHz and two half-wave dipoles were used as MIMO array antennas. Thirty-six different measurements were carried out by rotating one dipole up to 360 in 10 steps respect to the other dipole.
Both simulated and measured coefficients of the new correlation function are depicted in Fig. 2 . Good matching between the new model and measurements is observed. It seems clear that, when using dipoles, there is a periodic pattern and a symmetry within the period of the correlation function, so that only 0-90 angular differences need to be simulated. An error 0.05 in the simulation of the correlation coefficient was observed.
III. COMBINED CORRELATION FUNCTIONS
The full potential of the novel correlation function can be exploited when combined to other spatial correlation functions. Two different ways are proposed and validated to combine spatial and angular diversity models.
A. Linear Combined Model
The combined effect provides a complex combined correlation that has not been studied in depth yet. Should the spatial correlation coefficient simply be added to the angular correlation coefficient, nonrealistic situations with correlation coefficients higher than one would be made possible. Else, the combined correlation would increase instead of the expected decrease since nonidentical orientations are used. Consequently, we propose a linear model which merges the spatial distance with its equivalent distance for angular diversity in a linear manner by (6) where . In Fig. 3 , the correlation for the linear combined model is depicted with spatial distances ranging from 0.1 to 0.5 and equivalent angular distances between 15-90 . As happened to the diversity gain in [8] , it is clear that when there is a large spatial separation, true polarization diversity can hardly reduce the already low correlation coefficient. In contrast, and also in a similar way to what happened for diversity gain in [8] , when short spatial distances are employed, true polarization diversity can be very useful for reducing the high correlation coefficients. With just two dipoles, the best option is to employ orthogonal polarizations, that is, an angular difference of 90 between them.
B. Quadratic Combined Model
Since the angular separation has been used as an equivalent distance to spatial separation [8] , the combination of the distances for obtaining to be used in (6) can also be performed in a quadratic way by (7) The correlation coefficients for this model are depicted in Fig. 4 for the same spatial and angular ranges employed in Fig. 3 . Figs. 3 and 4 confirm, this time for the correlation coefficients, the duality between true angular and spatial diversity demonstrated in [8] for the diversity gain.
The reduction in the correlation coefficient as a consequence of increasing the spatial separation of two dipoles with true angular diversity is similar to the reduction obtained by incrementing the angular separation of two dipoles already separated by a fixed spatial distance. As an example, a spatial separation of 0.2 is equivalent to an angular separation of 36 . The presented combined correlation function models can therefore be useful for deriving true-polarization diversity figures when combined to spatial-diversity techniques. There are, however, some differences between the two proposed combined models, and a validation through simulations and measurements is required.
C. Measurement Results
Validation measurements were carried out using the RC800 reverberation chamber. A comparison between measurements and the simulations using both the linear and the quadratic combined models is illustrated in Figs. 5 and 6 , wherein the encountered differences are reproduced versus angular and spatial separation distances, respectively.
A careful observation of Figs. 5 and 6 reveals that the linear combined model does not work well when there is a variation in the angular separation. Yet, while from Fig. 5 it seems that the quadratic model has a moderate and quasi-constant error respect to a variation in the angular separation, from Fig. 6 one can also observe that this behavior is not maintained when the spatial separation is altered. In fact, the linear-and quadratic-combined models seem to follow opposite error behaviors when the spatial separation is altered. In both Figs. 5 and 6, the maximum error in the quadratic model (0.10) is lower than the maximum error of the linear model (0.22), but other higher order combining possibilities or the use of weighting factors are possible, and further research is envisaged. These errors are similar to other previously reported spatial-only models [3] .
IV. CONCLUSION
In this letter, we have presented a novel angular correlation function for two dipoles to be employed with true-polarization schemes. The new function has also been successfully combined to conventional spatial correlation functions so that hybrid spatial-and true-polarization diversity schemes can be properly evaluated. The new combined functions have been validated through measurements in a reverberation chamber. The new functions are useful for Rayleigh-fading environments with isotropic scattering and its extension to other fading scenarios is envisaged. Since many MIMO models employ correlation functions to evaluate system performance and since hybrid spatialand true-polarization diversity measurements are cumbersome, the new functions can be considered an easy and powerful tool for practical design considerations of novel MIMO systems in handheld terminals and base stations.
